Context: Previous genome-wide association studies have shown that single-nucleotide polymorphism (SNP) rs2439302 in chromosome 8p12 is significantly associated with papillary thyroid carcinoma (PTC) risk and dysregulated NRG1 expression. The underlying mechanisms remain to be discovered.
T hyroid cancer, the most common endocrine malignancy, represents~1% of newly diagnosed cancers. A recent study revealed that the overall incidence of thyroid cancer in the United States increased 3% annually from 1974 to 2013; this may be a true increase, or it may be due to overdiagnosis of papillary microcarcinoma (1, 2) . It is estimated that 56,870 people in the United States will be diagnosed with thyroid cancer in 2017 (3) . The majority of thyroid cancers are nonmedullary thyroid carcinoma. Papillary thyroid carcinoma (PTC) is the main form of nonmedullary thyroid carcinoma, representing~80% of all thyroid cancers. Although the etiology of PTC is not well characterized, it is clearly influenced by both genetic and environmental factors. On one hand, radiation exposure of the thyroid during childhood is the best-defined environmental factor associated with PTC. On the other hand, PTC shows a high degree of heritability. Genetic predisposition plays a major role, as evidenced by case control studies (4, 5) . The genetic factors can probably be attributed to many low-penetrance DNA variants in the human genome (6) (7) (8) .
The genetic predisposition to PTC has been widely studied, and advances have been made through genomewide association studies (GWAS). Previously, we identified a single-nucleotide polymorphism (SNP), rs2439302, in chromosome 8p12 that was associated with PTC (9) . The association of rs2439302 and thyroid cancer risk has been independently replicated by subsequent association studies in different populations (7, (10) (11) (12) . Recently we performed meta-GWAS analyses and confirmed SNP rs2439302 as a PTC risk variant (13) . In this analysis, SNP rs2466076 in the 8p12 locus was found with the lowest P value [odds ratio (OR) 1.32, P = 1. The NRG1 gene encodes a membrane glycoprotein that mediates cell-cell signaling and plays a critical role in the growth and development of multiple organ systems (14) . NRG1 is produced in multiple isoforms by alternative splicing and usage of distinct promoters, which allows it to perform a wide variety of functions. Additionally, NRG1 has been demonstrated to be involved in carcinoma development and metastasis (15) (16) (17) .
It was recently reported that the risk allele [G] of rs2439302 was associated with decreased expression of NRG1 in thyroid tissue (11) . This observation conflicts with the GTEx data, in which the [G] allele is correlated with increased expression of NRG1 in thyroid tissue (https://www.gtexportal.org/) (18) . In another study the risk [G] allele of SNP rs2439302 was associated with lower expression levels of NRG1 in blood, which is consistent with the GTEx data (9, 18) . In an effort to elucidate the functional basis of the underlying disease risk, we performed gene expression and correlation analysis between the genotypes of rs2439302 and the isoform abundance of NRG1. We evaluated multiple candidate functional variants in a~32-kb DNA block harboring the GWAS SNPs (rs2439302 and rs2466076) by performing haplotype analysis and functional assays. We attempted to explore the downstream and interacting genes by small interfering RNA (siRNA) knockdown of NRG1 in primary thyroid cells followed by RNA sequencing (RNA-seq) gene expression analysis.
Materials and Methods
The studies were approved by the Institutional Review Board at The Ohio State University (OSU), and all subjects gave written informed consent before participation.
Thyroid tissue samples and cell lines
Fresh frozen unaffected thyroid tissue samples (n = 163) were obtained from patients with PTC during surgery. Blood samples (1359 PTC cases/1605 controls) were collected at OSU as part of ongoing studies. The clinical information is provided in Supplemental Table 1 . The thyroid cancer cell lines (BCPAP, KTC1, TPC1, and SW1736) were incubated in RPMI1640 medium supplemented with 10% fetal bovine serum at 37°C in humidified air with 5% CO 2 .
Quantitative reverse transcription polymerase chain reaction
Quantitative reverse transcription polymerase chain reaction (RT-PCR) was performed with an ABI PRISM 7700 DNA Sequence Detection System (Applied Biosystems). TaqMan assays with custom probes (Life Technologies) were applied for measuring three NRG1 isoforms (NM_004495, NM_013958, and NM_001160008). The primer and probe sequences are provided in Supplemental Table 2 . These primers were designed to amplify specific transcripts based on the unique exon structure of each isoform. A predesigned TaqMan Assay (Hs00247620_m1, Life Technologies) was used for detecting multiple NRG1 isoforms. A GAPDH TaqMan kit was used as an internal control, and the equation 2 2DCt , where DCt = Ct (GENE) 2 Ct (GAPDH) , was used to calculate the relative expression levels.
SNP genotyping
Blood genomic DNA was used for genotyping SNP rs2439302 with a SNaPshot assay as described (19) . The polymerase chain reaction (PCR) primer and extension primer sequences are provided in Supplemental Table 2 . The PCR assays were performed according to a standard protocol as follows: 5 minutes at 94°C; followed by 30 cycles of 30 seconds at 94°C, 30 seconds at 58°C, and 30 seconds at 72°C; followed by a final extension of 10 minutes at 72°C. An ABI 3730 DNA Analyzer was used for allele analysis.
Expression quantitative trait loci, LD, and haplotype analyses
The NRG1 expression quantitative trait loci data were obtained from the Genotype and Tissue Expression Project (https://www.gtexportal.org/). LD analysis was performed with the genotypes from the 1000 Genomes Project (phase 3, EUR) in Haploview 4.2 software (20) . Haplotype analysis was performed in an Ohio cohort of 1359 cases and 1605 controls with 27 selected SNPs. The genotypes were obtained with the use of SNP arrays followed by computer imputation performed in deCODE (13) . We used the SHAPEIT program to estimate haplotype frequencies (21) . For each haplotype, counts were compared between cases and controls. The ORs and P values were calculated by comparing the given haplotype with the rest of the haplotypes. Fisher exact test and univariate analysis were applied.
Quantitative chromatin immunoprecipitation assay
The chromatin immunoprecipitation (ChIP) assay was performed as previously described, with minor modifications (22) . Briefly, protein-DNA cross-linking was performed by incubating cells with formaldehyde at a final concentration of 1% for 10 minutes at room temperature. After sonication, chromatin was immunoprecipitated with specific antibodies at 4°C overnight. The antibodies against H3K4me1 (ab8895), H3K4me3 (ab8580), and H3K27Ac (ab4729) were from Abcam. The immune complexes were then eluted from the magnetic beads, and the crosslinks were reversed by incubating at 65°C overnight. The DNA was purified with QIAquick PCR purification kit and used as the template in quantitative PCRs. Primers were designed to yield amplicons ranging in length from 100 to 250 bp, spanning the tested SNP regions (Supplemental Table 2 ).
Constructs, transient transfections, and luciferase reporter gene assays DNA fragments containing the wild type or risk allele in the selected regions were PCR amplified and cloned into the PGL4.10-E4TATA vector. This vector contains a 50-bp minimal E4 TATA promoter sequence. The constructs were validated by Sanger sequencing. The primer sequences for the PCR reactions are provided in Supplemental Table 2 . Cotransfection of KTC1 or HeLa cells was performed with empty vector or the enhancer constructs and a Renilla luciferase reporter plasmid. Cells were harvested after 24 hours, and lysates were used for luciferase assays.
Human primary thyroid cell culture and nucleofection
Human primary thyroid cells were cultured in customized 6H medium as previously described (23) . Fresh nontumorous thyroid tissue samples were obtained from patients with PTC. The tissue was digested with 1% trypsin (Life Technologies) and 0.35% collagenase 4 (Worthington Biochemical) solution for 90 minutes at 37°C. Thyroid primary cells were seeded to a density of 10 5 to 10 6 cells per well on six-well plates. After being cultured for 5 days, cells were electroporated by a Nucleofector ® II device (Amaxa) with 75 pmol siRNA in 100 mL of Basic Nucleofector Medium (VPI-1005; Lonza). Human NRG1 siRNA (ON-TARGET plus SMART pool, L-004608-02-0005) and negative control siRNA (ON-TARGET plus Nontargeting pool, D-001810-10-05) were purchased from Dharmacon. After the nucleofection step, cells were cultured for 24 hours and then harvested for further analysis.
RNA-seq sample preparation and differential gene expression analysis
RNA-seq samples were prepared and analyzed as previously described (24) . Briefly, the total RNA samples were extracted by TRIzol reagent (Invitrogen) and then treated by DNase-1 (Ambion). Illumina TruSeq Stranded Total RNA Sample Prep Kit with Ribo-Zero Gold (catalog #RS-122-2201) was used to transform RNA into complementary DNA after removing ribosomal RNA and mitochondrial RNA. Then, 75-bp paired-end sequencing was performed with the Illumina HiSEquation 2500 system. The RNA-seq data have been submitted to the GEO database (accession #GSE100322).
Statistical analysis
Associations between quantitative PCR expression estimates and genotypes were analyzed with generalized linear models. RNA-seq gene expression data from NRG1 siRNA knockdown experiments were normalized and log2 transformed before comparative analysis. Quantitative RT-PCR expression data were analyzed by applying nonparametric Kruskal-Wallis analysis of variance tests and Wilcoxon rank sum tests. All P values reported are two-sided. Network, functional, and canonical pathway analyses of differentially expressed gene expression data were performed in Ingenuity Pathway Analysis (IPA) software (Ingenuity Systems Inc.).
Results
Expression of NRG1 isoforms and correlation between rs2439302 and NRG1 expression
The NRG1 gene encodes multiple splicing isoforms. To analyze NRG1 expression in human tissues and thyroid cancer cell lines, we selected three NRG1 isoforms (NM_004495, NM_013958, and NM_001160008) by using the RNA-seq data from The Cancer Genome Atlas and our previous study (24, 25) . We performed quantitative RT-PCR to measure the isoforms by using probe-specific, custom-designed TaqMan assays. We also used a predesigned TaqMan assay for measuring multiple NRG1 isoforms (designated as multiNRG1 in this study). The NRG1 isoforms and gene structures are shown in Supplemental Fig. 1A . A schematic representation of the three isoforms and the corresponding probes and primers used in the TaqMan assays are shown in Supplemental Fig. 1B . These three isoforms and multiNRG1 are abundantly expressed in thyroid, moderately expressed in fetal brain and lung, and marginally expressed in other tissues tested, including breast, colon, heart, placenta, and spleen and four thyroid cancer cell lines (BCPAP, KTC1, TPC1, and SW1736) (Fig. 1) . The three isoforms share the exons 1 to 5 but differ in other exons. Their features are listed in Supplemental Table 3 .
To test whether the DNA variant rs2439302 has any effect on the expression of the NRG1 isoforms, we measured the expression levels of the three isoforms and the multiNRG1 in unaffected thyroid tissue samples of an Ohio cohort (n = 163), genotyped rs2439302, and performed correlation analysis between the genotypes and the expression levels of NRG1 isoforms. We observed a significant correlation between the risk [G] allele and increased expression of all the three NRG1 isoforms and the multiNRG1 transcript levels when we compared them with the wild type [C] allele, with P , 0.0001 (Fig. 2) . Our observation is consistent with the GTEx data (Supplemental Fig. 2 ). Haplotype analysis of SNPs in the NRG1 region and the identification of candidate functional SNPs
In the NRG1 genomic region a cluster of SNPs is significantly associated with the expression levels of NRG1 in thyroid tissue in the GTEx data, including the GWAS SNPs rs2439302 and rs2466076. We designated this region as a "focused region" with genomic coordinates of chromosome 8: 32181948 to 32469369 (Supplemental Fig. 3A) . To evaluate the role of these SNPs in PTC predisposition, we performed an association analysis in an Ohio cohort of 1359 cases and 1605 controls. The regional association plot indicated that the cluster of SNPs are significantly associated with PTC (Supplemental Fig. 3B) .
We next performed LD analyses in the "focused region" in an attempt to narrow down candidate functional SNPs. Haploview LD analysis revealed an LD block of~32 kb around rs2439302 (Supplemental Fig. 3C ). Most of the LD block is located in intron 1 of the three NRG1 isoforms we tested; it also spans the common exon 1 and a small region immediately upstream of exon 1. This LD block is contained in a gene regulatory hotspot, as shown by the H3K27Ac signals in ENCODE data (Supplemental Fig. 4) . In this DNA block there are 46 SNPs significantly associated with PTC risk and NRG1 expression; all these SNPs are in introns of the NRG1 gene. To establish whether these SNPs have a functional role in transcriptional regulation, we studied the RegulomeDB database, which contains experimental data sets from ENCODE and other sources in addition to computational predictions of regulatory potential. These combinatory analyses revealed 27 SNPs to represent candidate functional and causal variants in the NRG1 locus (Supplemental Table 4 ).
We assessed the association of the 27 SNP haplotypes with PTC risk in the Ohio cohort described earlier. The estimated haplotypes with frequencies $0.01 in cases or controls are listed in Table 1 . Notably, one haplotype (Hap1) containing the risk [G] allele of rs2439302 and the risk [G] allele of rs2466076 is significantly associated with increased PTC risk, with an allelic OR of 1.32, and accounts for~16.2% of the cases. One haplotype (Hap2) appears as a protective one, with an OR of 0.65, accounting for 4.5% of the cases. These analyses suggest that multiple SNPs in this~32-kb block are likely to be functional and contribute to the increased PTC risk.
Enrichment of active chromatin markers in the NRG1 locus in thyroid tissue
Because the active chromatin markers can predict enhancer or promoter activity at many loci, we performed site-directed ChIP assays for H3K4me1, H3K4me3, and H3K27Ac with thyroid tissue samples. We tested areas corresponding to 11 selected SNPs in the~32-kb LD block ( Fig. 3 and Supplemental Fig. 4) . ChIP assay results revealed significant enrichment of H3K4me1 and H3K27Ac in all of the SNP areas tested. The enrichment of H3K4me3 was significant in several areas, such as rs4733128, rs4733130, and rs7835688, but overall the enrichment of H3K4me3 was much lower than that of H3K4me1. The increased H3K4me1/H3K4me3 ratios suggests that this DNA block region should be classified as an enhancer or superenhancer in thyroid tissue (26) .
Allelic transcriptional luciferase activities in thẽ 32-kb LD block
To test the potential functions of the 11 SNPs in the LD block, we performed enhancer luciferase assays. We hypothesized that these SNPs may be functional SNPs leading to a detectable allele-specific functional effect on transcription. To test this hypothesis, we amplified DNA fragments (~200 bp to 1.3 kb) in nine regions corresponding to the 11 SNPs (Supplemental Fig. 4 ). The DNA fragments carrying either risk or wild type alleles were cloned into luciferase reporter constructs, driven by a minimal promoter vector. Enhancer activities of these fragments were determined by transient transfection and luciferase assays in the BCPAP cell line (Fig. 4) . When comparing with an empty vector control, we observed significant constitutive enhancer activities in two regions, corresponding to SNPs rs4733128 (region 2) and rs2439304 and rs2439303 (region 7). The rest of the regions showed slightly increased or decreased luciferase activities. Nevertheless, we observed significant differential allelic luciferase activity between the risk allele and the wild type allele in six regions (regions 2 to 7), with P , 0.001. The risk alleles of SNPs rs7835688 in region 4, Table 1 . Continued rs73234136 rs113350646 rs4733128 rs4733129 rs4733130 rs12548687 rs7835688 rs17646763 rs2439312 rs9642727 rs17646936 Figure 3 . ChIP assays of active chromatin markers H3K4me1, H3K27Ac, and H3K4me3 in the~32-kb LD block as shown in Supplemental Fig. 4 . Two fresh frozen thyroid tissue samples were used for the ChIP assays. The relative abundance of the three markers was normalized to immunoglobulin G control. H3K4me1 and H3K27Ac showed significant binding in all the tested regions, with P , 0.005, Student t test.
rs7825175 in region 6, and rs2439304 and rs2439303 in region 7 showed increased transcription, whereas the risk alleles of rs4733128 in region 2, rs4733130 in region 3, and rs17646763 in region 5 showed reduced transcription. We performed the same experiments by using Hela cells and observed similar differential allelic luciferase activities in the six regions, although the patterns of luciferase activities could differ between BCPAP and HeLa cells (Supplemental Fig. 5 ). These six regions harbor seven SNPs, suggesting that at least these seven SNPs could alter the expression of firefly luciferase. Taken together, the results of the ChIP experiments and luciferase reporter assays are consistent with the hypothesis that the NRG1 locus harbors intronic regulatory elements, and multiple SNPs appear to be functioning by affecting the transcriptional activities. Table 1 . Continued rs17719705 rs7825175 rs13258892 rs35233333 rs2439304 rs2439303 rs2439302 rs2466077 rs2466076 rs2466075 rs71512640
Haplotypes with a frequency of $0.01 are included in the NRG1 is involved in the regulation and interaction of coding and noncoding genes in thyroid primary cells In an attempt to explore the downstream targets and signaling pathways of NRG1 in thyroid, we performed knockdown of NRG1 with siRNAs in human thyroid primary cells (23) . We transiently transfected primary cultures of thyroid cells with siRNA oligos targeting multiple NRG1 isoforms (Supplemental Fig. 1 ). Knockdown of NRG1 resulted in low-level gene expression changes consistently shown in three separate thyroid primary cultures and determined by RNA deep sequencing. There were 141 dysregulated genes with fold changes $1.25 (upregulated, n = 71; downregulated, n = 70; P , 0.05), with the NRG1 gene being the top downregulated one. There were 27 dysregulated genes with fold changes $1.3 (upregulated, n = 6; downregulated, n = 21) (Table 2) . Notably, among the downregulated genes, the majority (18 out of 21, 85.7%) are categorized as noncoding RNAs, pseudogenes, antisense, or uncharacterized transcripts. Biological functional analysis of coding genes via IPA software indicated that the top three categories of the differentially expressed genes belong to neurologic disease, psychological disorder, and cancer (Supplemental Table 5 ). The major molecular functions are protein synthesis, cell growth and proliferation, and cell death and survival (Supplemental Table 6 ).
Discussion
Our understanding of NRG1 regulation and its involvement in PTC is challenged by the complexity of the gene, which gives rise to an extraordinary variety of isoforms. These isoforms differ significantly in their structures and expression in a tissue-specific manner. The three NRG1 isoforms we tested are categorized as NRG1 type 1; they are also named HRG-b-3, HRG-b-2b, and HRG-g, respectively. Our data indicate that at least these three NRG1 isoforms show high expression in thyroid tissue compared with other tissues we tested. Interestingly, much lower NRG1 expression was observed in four thyroid cancer cell lines (BAPAP, KTC1, TPC1, and SW1736), implying aberrant regulation of NRG1 in these cell lines. Our study showed that the risk [G] allele of rs2439302 was significantly associated with increased expression of the three NRG1 isoforms and multiNRG1 in unaffected thyroid tissue samples. It is believed that members of the NRG1 family of growth factors bind to and activate the ErbB-3 and ErbB-4 receptors (14, 27) . The isoform HRG-b2b is a transmembrane prototype NRG1, which could become a soluble secreted ligand for ErbBs. However, the other two isoforms (HRG-b-3 and HRG-g) lack the transmembrane and cytoplasmic domains, are presumably retained intracellularly, and are considered cytosolic NRG1 isoforms. Their potential functional implications are poorly understood, possibly independent of the ErbB receptor system (28) (29) (30) . Our data suggest that multiple isoforms with higher NRG1 expression in thyroid tissue contribute to increased PTC risk.
In this study we fine-mapped the NRG1 genomic region and identified a~32-kb LD block containing rs2439302 and rs2466076, which was located mostly in the first intron of the three NRG1 isoforms we tested. We performed ChIP assays in this LD block on thyroid tissue samples and observed strong H3K4me1 and H3K27Ac activities in areas corresponding to 11 SNPs, whereas H3K4me3 activities were low or much lower. The specific histone modifications of H3K4me1 and H3K27Ac are often the readout of active enhancers, whereas the H3K4me3 marker usually corresponds to proximal promoters (26, (31) (32) (33) . Our observations suggest a cluster of multiple enhancer elements or a superenhancer in thyroid in this locus (34) . Although our data favor enhancer involvement, we could not exclude a promotertype effect. It is possible that the same sequences encode both enhancer and promoter activities (35) . Nevertheless, our data suggest that transcriptional regulation underlies the mechanisms of NRG1 involvement in thyroid cancer.
We and others previously observed that multiple enhancer variants within a given locus typically target the same gene and that multiple enhancer variants cooperatively contribute to altered expression of their target gene (36) . In this case, luciferase experiments detected variable luciferase enhancer activities in different regions within the LD block. We focused on comparing the effects of the risk and wild type alleles, respectively, in each region and observed seven SNPs with significantly differential allelic luciferase activities, implying their being functional variants in the thyroid. The GWAS SNPs rs2439302 and rs2466076, though involved in the risk haplotypes, are seemingly not functional. The impact of the risk alleles on transcriptional regulation seems conflicting in that some of the risk alleles showed increased luciferase activities, whereas other risk alleles showed reduced transcription. It might be explained by the fact that the complex transcriptional regulatory mechanisms could not be completely represented by the cloned short DNA fragments. The effects of the NRG1 intronic variants we describe here are probably combinatorial in dictating the gene expression of NRG1 and in conferring susceptibility to PTC. Studies of the mechanisms by which NRG1 influences unaffected thyroid and thyroid cancer are limited in the literature. We used siRNA to knock down NRG1 in human primary thyroid cells and revealed a subset of differentially expressed genes. Notably, most of the downregulated genes belong to the noncoding RNA gene category. IPA analysis of the differentially expressed coding genes indicated that genes with biological functions in neurologic diseases, psychological disorders, and cancer were enriched; these genes could be involved in cell growth and proliferation and cell death and survival. These signaling molecules that were targeted by or interacting with NRG1 appear to function in a thyroidspecific manner. Additional work is needed to decipher the role of these genes and molecules in thyroid function and thyroid cancer.
In conclusion, our study is an initial effort to functionally annotate the GWAS SNP rs2439302 in 8p12 as a factor contributing to PTC risk. The risk allele [G] of rs2439302 correlates with high expression of multiple NRG1 isoforms in unaffected thyroid tissue. Transcriptional regulation of NRG1, mediated by allelespecific enhancer activities, is probably an important mechanism predisposing to thyroid cancer.
